ESCRT (Endosomal sorting complex required for transport) machinery drives different cellular processes such as endosomal sorting, organelle biogenesis, vesicular trafficking, maintenance of plasma membrane integrity, membrane fission during cytokinesis and enveloped virus budding. The normal cycle of assembly and disassembly of some ESCRT complexes at the membrane requires the AAA-ATPase vacuolar protein sorting 4 (Vps4p). A number of ESCRT proteins are hijacked by clinically significant enveloped viruses including Ebola, and Human Immunodeficiency Virus (HIV) to enable enveloped virus budding and Vps4p provides energy for the disassembly/recycling of these ESCRT proteins. Several years ago, the failure of the terminal budding process of HIV following Vps4 protein inhibition was published; although at that time a detailed understanding of the molecular players was missing. However, later it was acknowledged that the ESCRT machinery has a role in enveloped virus budding from cells due to its role in the multivesicular body (MVB) sorting pathway. The MVB sorting pathway facilitates several cellular activities in uninfected cells, such as the down-regulation of signaling through cell surface receptors as well as the process of viral budding from infected host cells. In this review, we focus on summarising the functional organisation of ESCRT proteins at the membrane and the role of ESCRT machinery and Vps4p during MVB sorting and enveloped viral budding.
Introduction:
Life is dependent on the coordination of the activities of various molecular machines "proteins" which provide the driving force for essential cellular processes [1] . Integral membrane proteins in endosomes that are destined for the vacuole lumen or lysosome are selectively recruited into invaginations that form on the cytoplasmic surface of the endosomal limiting membrane and are then incorporated into vesicles that are released into the endosome lumen in a process known as multivesicular body (MVB) sorting. MVB sorting is required for the degradation of some membrane proteins and the delivery of other membrane proteins that are residents of the lysosome lumen (vacuole). Multivesicular bodies (MVBs) of the endosomal system are late endosomes that possess intralumenal vesicles as well as a limiting membrane [2, 3] . MVB sorting is essential for important biological processes such as exosome-dependent intercellular signaling, endosomal sorting, organelle biogenesis, vesicular trafficking, maintenance of plasma membrane, membrane fission during cytokinesis, receptor down-regulation and antigen presentation [4] [5] [6] . Since unearthing the constituents of the MVB sorting machinery and the demonstration that MVB sorting can be exploited for virus budding, curiosity about the molecular mechanism of MVB sorting has grown [7] [8] [9] . The process of MVB sorting was initially observed and morphologically characterised in mammalian cells, although it was in Saccharomyces cerevisiae that the constituents of the MVB sorting machinery were first characterised [2, 10, 11] .
The majority of proteins that comprise the MVB sorting machinery were identified by genetic studies in yeast on the basis of their role in the vacuolar protein sorting (Vps) pathway. The class E VPS genes encodes the MVB sorting machinery component proteins. The MVB sorting proteins assemble to form discrete multimeric protein complexes, i.e. ESCRT-0, -I, -II, and -III. ESCRTs, which were first defined in yeast on the basis of their role in the vacuolar protein sorting pathway [12, 13] . ESCRT-0, -I and -II are transiently recruited to the endosomal limiting membrane when cargo membrane proteins selection is carried out. ESCRT-I and II are also important for the precise recruitment and association of ESCRT-III [11, 14, 15] . There is some disagreement in the literature regarding the role of ESCRT-II in the MVB sorting. Some groups have reported evidence that ESCRT-II complex is required for the MVB sorting in yeast and mammals, however, some disagree and are of the view that ESCRT-II is not required for MVB sorting in mammals [16] [17] [18] [19] . ESCRT machinery also functions in the abscission (last) stage of cytokinesis and during enveloped viral budding. The harmonisation of activities (e.g., membrane remodeling) is performed by ESCRT-III and a few other proteins found on the endosomal limiting membrane, the de-ubiquitinating enzyme Doa4p along and Bro1p [20] [21] [22] .
The AAA-ATPase Vps4p/SKD1 plays an essential role in the recycling of the ESCRT-III components from the endosomal membrane into the cytoplasm. This recycling is required for the MVB sorting to be sustainable [23, 24] .
ESCRT-III is involved in the MVB sorting process. Initially, subunits of ESCRT-III are recruited and activated. The assembly of ESCRT-III subunits on the membrane plays an important role in membrane remodeling (i.e. mediates membrane fission). During MVB sorting, Vps4p mediates the disassembly of the ESCRT-III sub-complexes (e.g., Vps24p-Vps2p) from the limiting membrane of the endosome to recycle ESCRT components into the cytoplasm for the next round of MVB sorting; however, the molecular mechanism that coordinates ATP hydrolysis with the budding of intralumenal vesicles has yet to be defined [25] . Vta1/SBP/Lip5 protein is a positive regulator of Vps4p ATPase activity and acts together with the ESCRT-III subunits (detailed explanation of ESCRT-III disassembly/recycling is given in Section 4) [26] [27] [28] [29] .
Here we focus on illustrating the role of ESCRT proteins and addressing unresolved questions surrounding the molecular mechanisms by which they function. Moreover, we review the significance of the ESCRT proteins and their role in intralumenal vesicle budding and the important role of the ubiquitin cycle in marking cargo proteins for inclusion in intralumenal vesicles. We also explain the role of ESCRT proteins in HIV infection, the current inhibitors of HIV available in the market and the potential for inhibition of MVB sorting as an anti-HIV therapy.
Multivesicular body sorting
The components of the machinery responsible for MVB sorting have been identified in a wide range of eukaryotes. It now seems likely that ESCRT proteins will be involved in MVB sorting in all eukaryotes. It was first discovered in yeast that a subset of vacuolar protein sorting gene (i.e. the class E VPS genes are required for MVB sorting) [13] . In the Twentieth Century, Emr and Stevens and coworkers identified various genes in S. cerevisiae which when mutated conferred Vps defects [17, [30] [31] [32] . These VPS genes were initially classified into three different classes: A, B, and C, according to the vacuolar morphology that is displayed by yeast deficient in each gene. Later, three additional classes were introduced known as classes D, E, and F. Class ''E'' vps mutants accumulate a unique endosome-derived pre-vacuolar compartment referred to as the "class E compartment" [33] [34] [35] . The requirement of the class E VPS gene for MVB sorting was verified by following the trafficking of the vacuolar hydrolase carboxypeptidase S (CPS) which is a transmembrane protein that is subject to MVB sorting into the intralumenal vesicles of the vacuole. In class E Vps mutants CPS accumulates in the class E compartment and the CPS that does reach the vacuole is in the limiting membrane of the vacuole and not in the lumen of the vacuole [13, 36, 37] .
Studies of the proteins encoded by class E VPS gene revealed that they associate into distinct protein complexes and that these are directly required to facilitate MVB sorting [38] [39] [40] . All these complexes are mandatory for the development of the MVB and have been recruited sequentially from the cytoplasm to the limiting membrane of the late endosome ( Fig. 1 ).
ESCRT-III is dissimilar to the other ESCRT complexes (ESCRT-0, -I, -II) in terms of its stability and cytoplasmic activities [41] [42] [43] . However, an integrated view of the threedimensional (3D) structure of the ESCRT-III complex is not yet well established. The four core subunit proteins of ESCRT-III complex are: Vps20p, Snf7p, Vps24p, Vps2p [39, 42, 44] (Table   1 ) and each has one or more corresponding mammalian ortholog(s) which is/are designated as a Charged MVB Proteins (CHMP-6, -4, -3, -2 isoforms designated by letters (a, b, c), respectively) [25, 44, 45] .
The process of MVB sorting is well-conserved between yeast and mammalian cells [2] .
However, the number of components of the MVB sorting machinery is greater in mammalian cells due to the multiplicity of isoforms [46, 47] . Cargo membrane protein identification and recruitment occur via modification of the cytoplasmic domains of the cargo membrane proteins with ubiquitin [11, [48] [49] [50] . Ubiquitin is a protein with 76 amino acids and serves as a sorting signal for ESCRT dependent MVB sorting when it is covalently conjugated to cargo membrane proteins. Ubiquitin sorting signal on signaling receptors can be recognised by two cellular sorting mechanisms [(i) modification of protein transport machinery (ii) attachment to transmembrane proteins to control their movement between different compartments] to induce down-regulation of signaling activity and receptor degradation in the lysosome [44, 51, 52] .
The cargo membrane proteins function in the formation of small membrane containers called vesicles as the cargo molecules (including proteins which possess large size) are packaged into vesicles. These vesicles are then delivered to other compartments within the cell e.g. lysosome to transfer their content or exported from the cell as exosomes (exosomes vesicles). MVB sorting of these cargo membrane proteins can be monitored through the serial recruitment of components of the MVB sorting machinery. The diverse components of the endosomal membrane are the first to arrive that represent the cargo proteins to be sorted. Structural information for numerous endosomal membrane components that go for MVB sorting has been reviewed by [12, 53] . One critical step during the MVB sorting is the disassembly of the sorting machinery. This disassembly permits recycling of the MVB sorting machinery and thereby new rounds of MVB sorting and intralumenal vesicle budding. However, the molecular mechanisms responsible for the cycling of MVB sorting machinery components on and off the cytoplasmic surface of endosomal membrane is not well-studied [13, 54] .
MVBs are formed coincident with the invagination of the endosomal limiting membrane and the budding of vesicles which contain transmembrane protein cargoes into the lumen [55] . The fusion of an MVB with a lysosome/vacuole is characteristic of the process by which some endocytosed transmembrane proteins are degraded in eukaryotic cells [56] [57] [58] . There are differences in this pathway (Vps) between mammals and yeast and we focus to describe the pathway in yeast. It is also characteristic of the process by which vacuolar resistant proteins (e.g. proteases) are delivered to the vacuole. Some others are recycled to plasma membrane, others are stable resident of the vacuole/lysosomes. When surface evaginations appear on the limiting membrane of the late endosome and then undergo fission this creates intralumenal MVB vesicles of 25 nm (in yeast) and 50 nm (in mammals) diameter [59] . Tens or even hundreds of these vesicles are found in a typical mature MVB which then goes on to fuse with the lysosome/vacuole. Upon delivery to the lysosome, the intralumenal vesicles are subject to hydrolytic degradation [60] [61] [62] .
The pool of some receptors (recycling receptors) at the cell surface is supplemented by the recycling to the cell surface of receptors endocytosed from early endosomes [1, [63] [64] [65] [66] . The budding, as well as the release (via membrane fission) into the endosome lumen of small membrane vesicles carrying membrane proteins cargo undergoing MVB sorting (internalized receptors), are mediated the by ESCRT-III complex and Vps4p. Topologically, the exvagination and budding of intralumenal vesicles containing cytosol from the endosomal limiting membrane is a process analogous to the budding of retroviruses as well as the vesicles that fuse to promote cytokinesis [9, 11, 67, 68] . This is because in all three processes the membranes bud away from the cytoplasm. Also, the MVB sorting machinery has been shown to play a role in each of these processes [11, 12, 69] . As well as MVB sorting, ESCRT-III and Vps4p are important for ongoing membrane traffic through the MVB/late endosome and therefore the delivery of endocytosed cell surface proteins as well as newly-synthesised hydrolases to the lysosome/vacuole (many other proteins are also required for this) [51, [70] [71] [72] .
Regulation of ESCRT machinery in Multivesicular body sorting
Biochemical and genetic investigations of these remaining (three) uncharacterised proteins encoded by class E VPS genes led to the assignment of these proteins (based on their proteinprotein interactions) to either ESCRT-II or ESCRT-III. It is now clear that the ESCRT-II complex is a stable, soluble, and heterooligomeric complex of 155 kDa comprising Vps22p/25p/36p. The structural components of the ESCRT-III complex, on the other hand, are monomeric in the cytosol and associate into a complex only when they are recruited to membranes [15, 39, 40, 43, 73] .
The newly identified two ESCRT-II and ESCRT-III complexes were found involve in MVB sorting. ESCRT-II and -III act in concert with ESCRT-I to promote MVB sorting [39, 40] . The available data has been interpreted in terms of a successive activation and assembly of the three ESCRT complexes ( Fig. 1 ). However, whether there is any strict requirement for ESCRT-I in the assembly of ESCRT-III in vivo is made unclear by the high basal levels of ESCRT-II activity [40] . Initially, it seemed unclear how ESCRT-I would stimulate ESCRT-II since protein interaction between ESCRT complexes I and II had not been identified. However, later studies identified protein interactions between human ESCRT-I and ESCRT-II subunits [15, 40, 43, 74, 75] . The binding of the ESCRT-I complex to ubiquitinated cargo proteins is the trigger to activate the ESCRT-II complex. The activated ESCRT-II complex then interacts with the ESCRT-III complex via direct physical association with the Vps20p/Snf7p sub-complex.
Once ESCRT-II is activated, it stimulates the assembly of multiple copies of ESCRT-III onto the membrane to create a large oligomer [11, 44] . Based on their functions, the ESCRT-III complex components can be divided into two distinct groups: those that form a sub-complex comprising Snf7p and Vps20p and those that form a sub-complex comprising Vps2p and Vps24p). In a concluding step, the ESCRT-III Vps2p/Vps24p sub-complex acts together with the AAA-ATPase Vps4p to catalyse the disassembly of the entire ESCRT-III machinery from the membrane [76, 77] .
Prior to disassembly of the ESCRT-III complexes and fission of the membrane to release an intralumenal vesicle, the ubiquitin must be recycled from ubiquitinated cargo proteins [11, 21, 41, 44, 78] . The recycling of ubiquitin from the evaginating membrane into the cytoplasm is carried out by the deubiquitinating enzyme Doa4p. This recycling of ubiquitin prevents the degradation of ubiquitin in the vacuole. Doa4p is not required for vesicle assembly, however, it assists ESCRT-II with the recruitment of the ESCRT-III complex [21, 50] . The well-studied components of ESCRT-0,-I,-II and -III and the AAA-ATPase Vps4p together comprise 13 of the 16 proteins encoded by the class E VPS genes, suggesting that more ESCRT complexes remain to be discovered or that some components of known ESCRT complexes are yet to be assigned to a complex [42, 79, 80] . These proteins may have redundant or regulatory roles since mutants defective in these class E Vps proteins have extremely mild phenotypes [40, 81] .
The role of Vacuolar protein sorting 27 in MVB sorting
The class E Vps protein Vps27p belongs to the ESCRT-0 complex and plays an important role in MVB sorting. In the process by which ubiquitinated cargo proteins are recruited and clustered, Vps27p may work upstream of the ESCRT-I complex [69, 74, 82, 83] . In support of this, ubiquitin binds directly to Vps27p and deletion of the Vps27p ubiquitin-interacting motif blocks the MVB sorting of a ubiquitinated cargo protein and, significantly, without having any apparent effect on vesicle budding and release into the MVB lumen [13, 21, 66, 84, 85] . This MVB sorting defect in Vps27p-deficient cells, coupled with the direct binding of Vps27p to ubiquitin has led to the proposal that Vps27p could be a major sorting receptor for ubiquitinated cargo proteins. This role has been attributed to the ESCRT-I complex, however, the direct association of the ESCRT-I complex with ubiquitinated cargo proteins has not yet been established [17, 83, 86] . It is possible that Vps27p and the ESCRT-I complex act in concert to identify the ubiquitinated cargo proteins and then one or the other of them could recruit the other components of the cellular machinery that sorts ubiquitinated cargo proteins into intralumenal vesicles [21] . Remarkably, Hrs (the mammalian ortholog of yeast Vps27p) is itself mono-ubiquitinated and can act as an adaptor to link the ESCRT-I complex to the ubiquitinated cargo protein [6, 66, 83, 87] .
Tumor susceptibility gene 101 and Multivesicular body sorting
Tumor susceptibility gene (Tsg101) (the mammalian homologue of the yeast Vps23p) plays an important role in MVB sorting. Tsg101 is so-named because it was discovered in a mammalian cell-based screen for potential tumor suppressor genes [86, 88, 89] . Several studies have reported that Tsg101 plays a significant role in the mammalian equivalent of the yeast Vps pathway and MVB sorting [88, 90] . There are two alternative points of entry into the membrane trafficking pathway to the lysosome/vacuole: one is via vesicular traffic from the Golgi (e.g. in the case of newly-synthesised lysosomal resident proteins) and the other is via internalisation from the plasma membrane by endocytosis (e.g. in the case of downregulation of cell surface receptors) [65, 88, 91] . Upon deletion of the gene that encodes yeast Tsg101 protein orthologue, Vps23p: (1) a Class E Vps phenotype is observed (2) membrane traffic to the vacuole is blocked at the endosome and (3) down-regulation of cell surface receptors is slightly inhibited [65, 89, 92] .
Investigations have shown that Vps28p is engaged by Vps23p and also Vps37p to form the "ESCRT-I" complex (350 kDa) which in turn function to identify the cargo to be incorporated into the MVB intralumenal vesicles [53, 93] . In vivo, targeting to the MVB intralumenal vesicles requires cargo ubiquitination. This study, as well as previous studies, has shown that ubiquitin conjugation and the yeast MVB sorting pathway act in concert to target cargo membrane proteins to the lysosome lumen including both proteins destined for hydrolytic destruction as well as newly-synthesised lysosomal/vacuolar resident proteins [8, 52, 86, 91] .
Although the mammalian MVB sorting pathway is not well-characterised, it is thought that analogous roles are performed by the yeast Vps23p and mammalian Tsg101 protein [83, 89, 93] . Evidence that TSG101 and the mammalian ESCRT-I complex plays a role in MVB sorting comes from the observation that a fibroblast cell line homozygous for a mutation in the Tsg101 gene exhibits in defects in MVB sorting of the epidermal growth factor receptor (EGFR) and hence altered EGFR trafficking [8, 11, 94] . Only the mammalian Tsg101 protein can bind the motif Pro-Thr-Ala-Pro (PTAP or analogous cargo membrane proteins), and this might represent a mechanistic difference between the human and yeast proteins. The PTAP motif is a conserved late domain motif (located in the p6 region of Gag protein) which plays an important role in the recruitment of ESCRT complexes to the site of enveloped virus budding [47, 95, 96] .
Remarkably, retroviruses, such as the human immunodeficiency virus (HIV) and other enveloped viruses, such as Ebola, recruit Tsg101 to the plasma membrane where it facilitates the recruitment of the cellular MVB sorting machinery and promotes the budding of the viruses.
The number of components of the cellular MVB sorting machinery that are recruited to the plasma membrane and contribute to viral release has not yet been determined [97] [98] [99] .
Recruitment and assembly of subunits of the ESCRT-III complex
ESCRT-III monomers (described previously) are not only localised on the endosomal membrane but also exist in the cytoplasm in an auto-inhibited ''closed'' state. The precise mechanism of auto-inhibition has not yet been determined in detail. However, it seems to involve intra-molecular interactions between the negatively-charged C-and positivelycharged N-termini of some and possibly all ESCRT-III subunits [59, 100, 101] . Along with other associated factors, ESCRT-II actively participates in the recruitment of ESCRT-III.
ESCRT-II subunit Vps25p binds to the ESCRT-III subunit Vps20p. This activates ESCRT-III and triggers the recruitment of ESCRT-III subunits from the cytoplasm onto the endosomal membrane and the assembly of the ESCRT-III subunits into an ESCRT-III complex [101, 102] .
This process occurs in several stages, Vps20p is recruited first to the endosomal membrane. disassembly in vitro [42, 43, 103] . The ESCRT-III adaptor protein (Bro1p/Alix) is recruited to the endosome by Snf7p (Snf7p forms filaments and stabilises those filaments comprising the other ESCRT-III subunits that forms on the surface of the endosome) [22, 38] . Vps2p is then recruited to the endosome by Vps24p thus completing the assembly of the ESCRT-III complex.
The order of recruitment of ESCRT-III subunits has, therefore, been confirmed. However, investigations to date have not yet revealed the precise stoichiometry of the accessory proteins relative to the core ESCRT-III subunits. There are also a number of 'accessory' ESCRT-III subunits which mediate the ESCRT-III-complex-Vps4p interaction [26, 28, 70, 104, 105] .
These "accessory" ESCRT-III subunits which play a role in regulation of the interactions between ESCRT-III and other proteins include Vps60p, Ist1p, Did2p and Vta1p [40, 69] .
In three ways ESCRT-III accessory factors seem to modulate Vps4p functions, and this is via 1) Vps4p interactions with itself (i.e., homo-oligomerisation), 2) Vps4p interactions with the subunits of ESCRT-III, and 3) Vps4p-mediated ATP hydrolysis. Vta1p stimulates the Vps4p ATPase activity, and Vps4p and Vta1p have been proposed to form an oligomeric supercomplex in which there is a 2:1 Vps4p:Vta1p ratio [26, 28, 70, [104] [105] [106] [107] . However, some studies showed that Vta1p does not stimulate the ATPase activity of Vps4p as strongly as other Vps4p-binding proteins e.g. Vps20p [29] . The Vps4p-Vta1p super complex seems to be In yeast, the efficiency of ESCRT-III-dependent cargo membrane sorting is substantially reduced by the loss of Bro1p/Alix protein [109] . Association of the ESCRT-III subunit Snf7p oligomer and Bro1p is required for the recruitment of the deubiquitinating enzyme Doa4p [20, 66, 109] . Once the assembly of the Vps4p-Vta1p complex is complete, the ESCRT-III complex (i.e. in vitro the ESCRT-III complex can work without Vps4p-Vta1p complex) triggers budding and fission of the evaginating membrane to release an intralumenal vesicle and the assembly of ESCRT-III provides the required energy [70, 79] .
Role of Vacuolar protein sorting 4 in Recycling of ESCRTs
Vps4p is a multimeric mechanoenzyme that engages ESCRT-III subunits via interaction of its N-terminal MIT domain with MIM domains (found at the C-terminal region of each ESCRT-III subunit) [70, 79, 105, [110] [111] [112] . In vitro, Vps4p exists in either one of two forms: an ADPbound dimer or a nucleotide-free monomer. However, the Vps4p monomers and dimers first associate to form a stable dodecamer comprising one or two hexameric rings (some disagreements in literature) and then, upon recruitment of Vta1p, a fully assembled super complex [70, 79, 85, 106, 112] . Association of Vps4p into oligomer stimulates ATP hydrolysis by Vps4p and the association of Vps4p with ESCRT-III subunits. This in turn results in the release of ESCRT-III subunits from the membrane and their recycling to the soluble cytoplasmic pool. In yeast that express a mutated form of Vps4p (Vps4p-E233Q) that is defective in ATP hydrolysis hyper-oligomeric ESCRT-III subunits accumulate on the limiting membrane of the endosome resulting in formation of an aberrant dysfunctional late endosome known as characteristics of class E Vps mutants [15, 28, 79, 104, 105, 113] .
It has been proposed that the capturing and ''threading'' of protein substrates through a narrow central pore in the ring-shaped AAA oligomer causes unfolding of ESCRT-III proteins and their dissociation of ESCRT-III complex. The threading through the central pore of the Vps4p-Vta1p complex is an ATP-dependent process [79, 104, 105, 107] . Mutational subsitution of key charged residues located in the active site of Vta1p such as arginine and lysine with aspartate and alanine, respectively, decreases the binding affinity to Vps4p hexamer, however, the binding affinity increases when a key glutamate is subsituted with alanine [105] . Once ESCRT-III complexes have been disassembled in this way, the individual subunits must subsequently be refolded. However, our understanding of the process by which ESCRT-III subunits are refolded after their dissociation remains limited [72, 114] . Evidence may come from considering the case of other AAA-ATPases and their protein substrates [79] . The Snf7p and Vps20p MIM domains (MIM2) seem to bind to a distinct site within the Vps4p MIT domain compared to the Vps24p and Vps2p MIM domains (MIM1) [43, 44] . The low-affinity binding between the Vps4p MIT domain and the MIM domains of the various ESCRT-III subunits suggests that simultaneous interaction with several ESCRT-III subunits are required for stable engagement of the ESCRT-III complex with Vps4p [114] [115] [116] [117] .
Several ESCRT-III subunits may act in concert to modulate the ATPase activity of the Vps4p [8, 29] . As discussed above, Vta1p forms a complex with Vps4p. The number of domains in the Vta1p and Vps4p subunits of this complex yields a total of 24 MIT domains for the Vps4p-Vta1p complex. This is a sufficient number of MIT domains to allow multiple ESCRT-III complexes to interact simultaneously with the Vps4p-Vta1p complex [115, 118, 119] . The Vps4p-Vta1p oligomer may serve as an endosomal anchor for ESCRT-III. The evidence in support of this possibility is the observation that a mutant form of Vps4p that is deficient in its MIT domain is still efficiently localised to endosomes like wild-type Vps4p but results in redistribution of the ESCRT-III complex (detected using Did2p-GFP) from the endosome to the cytoplasm [51, [120] [121] [122] [123] . However, published results illustrate that Vps4p lacking its MIT domain cannot localise to endosome [29, 113] . In Vps4∆ mutants ESCRT complexes accumulate on the endosome limiting membrane. In in vitro assays ESCRT-III can bud intralumenal vesicles from membranes in the absence of Vps4p [108] . Table 1 shows a comparison of the yeast and human ESCRT proteins from the perspectives of their membrane interactions, their interactions with ubiquitinated cargo, and their interactions with one another.
Virus Budding and Multivesicular body sorting
Various enveloped viruses have exploited the MVB sorting pathway as a mechanism to facilitate the budding of their virus particles [15, 42] . These enveloped viruses possess surface proteins with peptide motifs (e.g. PTAP, PPXY) that resemble those in ESCRT proteins and that have roles in ESCRT protein recruitment. The viruses utilise these peptide motifs to recruit specific ESCRT proteins (Fig. 2) [124] [125] [126] .
In the context of virus budding, recruitment of the ESCRT complexes to the plasma membrane may be a key step in the process of viral release which may occur by a process analogous to MVB sorting. Currently, key events in MVB sorting have been described, e.g. how ubiquitinated cargo membrane proteins are recruited, how ESCRT complexes are assembled, and finally how membranes evaginate and undergo a fission event to generate intralumenal vesicles. However, the process of MVB sorting is relatively different from the other (more extensively studied) vesicle transport processes. However, further investigations will provide the details of the various molecular mechanisms that underly the various events of MVB sorting, such as those involved in recognition of the ubiquitin signal, recruitment and assembly of ESCRT complexes, deubiquitination of cargo proteins and intralumenal vesicle (or enveloped virus) evagination and fission/release.
Assembly of viral particles during Human Immunodeficiency Virus infection
Studies of the mechanism of HIV budding and the 3D structure studies of the cellular machinery responsible have led to important advances in the understanding of HIV in the past 30 years [127] [128] [129] . The retroviral structural proteins: capsid protein (CA), matrix protein (MA), Nucleo-Capsid protein (NC), spacer peptide 1 (SP1), spacer peptide 2 (SP2) and p6 are all synthesised as parts of the same Gag precursor polyprotein [130] [131] [132] [133] . However, Gag is used for the assembly of virus-like particles (VLPs) (explained in next section) at the plasma membrane and budding of VLPs in the absence of other viral components. Of the proteins within the Gag polyprotein, matrix protein (MA) has been the main focus of research into HIV viral infection ( Fig. 3) [128, 134, 135] . Myristic acid is attached to the N-terminal matrix domain of Gag and a group of conserved amino acid residues within the MA domain function in concert to support Gag assembly and membrane anchoring [136, 137] . The myristic acid facilitates the interaction between Gag and the plasma membrane as well as other intracellular membranes via a myristoyl switch process (which is known to be a mechanism for regulation of Gag membrane binding) [129, 130, 138] . Phosphatidylinositol 4,5 bisphosphate, a phospholipid present in the inner leaflet of the plasma membrane and that also works together with myristic acid in the membrane can trigger the switch process [134, 139, 140] .
Retroviral budding requires several domains within the Gag polyprotein and also cellular ESCRT proteins. The budding process is coordinated by an association between specific Prorich motifs identified as late (L) domains and ESCRT proteins as well as other factors that are required to recruit the budding machinery, initiate viral budding and mediate the membrane fission event that releases the budded virus from the plasma membrane [9, 68] . Thus, host factors in particular ESCRT proteins play important roles in the budding of enveloped virus particles.
The issue of HIV hypermutation and the development of drug resistance
A feature of the HIV genome is that it undergoes mutation of a higher incidence than most other genomes, i.e. it exhibits hypermutation. When these mutations change the structure of an HIV protein targeted by drugs that HIV protein may further no longer be effectively inhibited by the drug. Because proteins encoded by the host genome exhibit a simultaneously lower rate of mutation. [141, 142] . There may be advantage if viral infection can be controlled by the inhibition of a host factor rather than a protein encoded by the virus. Moreover, if the host factor is used by numerous different viruses then targeting it with drugs may be protective against multiple viruses.
To facilitate the development of improved antiviral drugs, several steps of the HIV-1 lifecycle need to be understood in more detail, including virus replication, viral particle assembly, and release. With the aim of developing chemical inhibitors of HIV-1 budding, the 3D structure of a complex comprising the p6 P(T/S)AP late domain and the Tsg101 N-terminal UEV domain has been determined ( Fig. 3) [141, 143] . All steps in the HIV-1 life cycle are potential targets for antiviral intervention [144] . All the inhibitors and drugs shown in Fig. 4 are approved by the FDA and are used to treat HIV-1 [142] . These drugs inhibit or block different steps of the HIV life cycle.
Role of Virus-like particles in the development of antiviral therapeutics
Virus-like particles (VLPs) are host-derived secreted membrane vesicles that are induced by the high-level expression of recombinant viral surface glycoproteins or viral matrix proteins in host cells. VLPs have been acknowledged to be attractive tools for the development of unique vaccines [145, 146] . VLP production has been used as an experimental model to investigate the budding process of certain enveloped viruses [147] [148] [149] [150] . Numerous enveloped RNA viruses have matrix proteins which, when expressed in uninfected host cells at high levels, induce the production of VLPs. Such viruses include the retroviruses, rhabdoviruses, filoviruses, paramyxoviruses, orthomyxoviruses and arenaviruses [145, [151] [152] [153] . Experimental evidence supports the view that the membrane budding process and the consequent release of VLPs are often promoted through a complex interaction between the viral envelope protein and the ESCRT complexes [141, [154] [155] [156] [157] . The ESCRT complexes assemble on the endosomal membrane and trigger the formation and budding of vesicles into the lumen of MVBs.
Recycling of the ESCRT complexes is carried out by the action of Vps4. Expression of dominant-negative (DN) Vps4 mutant proteins that lack the ability to either bind or hydrolyse ATP blocks the recycling of ESCRT complexes from the membrane to the cytoplasm required for sustained vesicle budding [110, 113, 158, 159] .
The available data revealed that a virus protein serves to recruit the host MVB sorting machinery. For example, in the case of Marburg virus, the matrix protein Vp40 recruits the MVB sorting machinery for viral budding [151, 160] . The Vp40 matrix protein alone can drive this budding process, resulting in the release of VLPs into the culture medium, when Vp40 is expressed in cultured cells (e.g. HEK293 cells). This study also identified two distinct types of VLPs: one with a vesicular and one with a filamentous morphology. Although the filamentous VLPs have Vp40 as their only protein, a substantial number of cellular host proteins are present in the vesicular VLPs. Mutation of the late domain motif in Vp40 or expression of the DN mutant form of Vps4 results in a reduction of the filamentous VLPs released quantity [151, 161, 162] . These treatments/experimental conditions inhibit both the discharge of filamentous VLPs and also MVB sorting. In contrast, the discharge of vesicular VLPs was not significantly inhibited by expression of the DN mutant form of Vps4 [151] . The expression of DN the mutation of Vps4 resulted in a moderate inhibition of the budding of Marburg virus particles (of a magnitude similar to that of the inhibition of VLP budding). Assaying the release of VLPs from VP40-expressing cells has been an important tool that was used to explore the budding of Marburg virus particles [161] . It is significant that both the vesicular VLPs and the isolated filamentous VLPs both are involved in the mechanism of enveloped virus budding [151, 160, 162] .
Conclusion
In closing, significant advances have been made in elucidating the molecular mechanisms by which the ESCRT complexes and Vps4p support both MVB sorting of cargo proteins and enveloped virus budding. Although the functions of these proteins may appear complicated, they can be thought of as comprising two key aspects: cargo protein engagement and alteration of membrane topology. Further experimental studies of ESCRTs and the AAA-ATPase Vps4p will yield exciting new insights into their function.
The structural biology of HIV-1 has been studied extensively. There are now either limited or complete 3D structures available for all fifteen of its protein components. In some cases, the structures are known for the free protein as well as either substrate-bound (for enzymes) or host-factor-bound complexes. Structural biology is having a substantial effect on HIV/AIDS research by providing high-resolution 3D structures of target protein-drug as well as viral-host protein complexes. Despite these advances, only a few associations of HIV-1 proteins and host proteins which trigger key steps in the life cycle of the HIV-1 virus are known -for instance the associations that introduce the pro-viral complexes into the nucleus and the role of accessory proteins in the formation of the Gag protein complexes.
In this context, numerous systematic and also structural studies of ESCRT-III and Vps proteins are still in progress to explore the potential of these proteins as host-specific targets for the development of anti-HIV drugs. In conclusion, against targeting host proteins such as Vps4p and ESCRT-III has the potential to solve the HIV problem and after protection emerging viruses. However, future research is required to fully explore the potential of this novel approach to eliminate HIV as a major public health issue and protect against emerging viruses. 
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